Abstract: Palm waste biochar (PWB) catalysts were synthesized as bio-based catalysts using different sulphonation methods. (NH 4 ) 2 SO 4 , ClSO 3 H, and H 2 SO 4 were applied to functionalize PWB and appraise the discrepancies between the sulfonic agents, as they affect the esterification reaction in terms of fatty acid methyl ester (FAME) yield and conversion while using palm fatty acid distillate (PFAD) as feedstock. The PWB was first soaked in phosphoric acid (H 3 PO 4 ) for 24 h and then pyrolized at 400 • C for 2 h in tube furnace. Afterwards, sulphonation was done with different sulfonic agents and characterized with thermo-gravimetric analysis (TGA), Brunauer-Emmett-Teller (BET), Fourier transform infrared (FT-IR), X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy-dispersive X-ray (EDX), and temperature programmed desorption-ammonia (TPD-NH 3 ). The three synthesized catalysts showed high free fatty acid (FFA) conversions of 90.1% for palm waste biochar-ammonium sulfate (PWB-(NH 4 ) 2 SO 4 ), 91.5% for palm waste biochar-chlorosulfonic acid (PWB-ClSO 3 H), and 97.4% for palm waste biochar -sulphuric acid (PWB-H 2 SO 4 ), whereas FAME yields were 88.6% (PWB-(NH 4 ) 2 SO 4 ), 89.1% (PWB-ClSO 3 H), and 96.1% (PWB-H 2 SO 4 ). It was observed that PWB-H 2 SO 4 has the best catalytic activity, which was directly linked to its high acid density (11.35 mmol/g), improved pore diameter (6.25 nm), and increased specific surface area (372.01 m 2 g −1 ). PWB-H 2 SO 4 was used for the reusability study, where it underwent eight reaction runs and was stable until the seventh run. PWB-H 2 SO 4 has shown huge promise for biodiesel synthesis, owing to its easy synthetic process, recyclability, and high catalytic activity for waste oils and fats.
Introduction
Concerns about the exploration and exploitation of petroleum fuel, which directly cause environmental pollution, have caused increased consideration for bio-based diesel [1, 2] . Biodiesel is environmentally benign, inexpensive, renewable, and sustainable; it therefore becomes a better alternative to petrol-diesel fuel. [3] [4] [5] . Biodiesel was initially produced from vegetable oil [6] , but it soon raised a food-versus-fuel debate. In order to avert this dilemma, biodiesel has been produced from non-edible oils such as castor oil [7] , rubber seed [8] , waste animal fats [9] , Jatropha curcas seeds [10] , acidic soybean oil [11] , and palm fatty acid distillate (PFAD) [12] . Amongst these non-edible oils, PFAD has exhibited more promising features due its low-cost feedstock and availability in Malaysia.
Results and Discussions

Effect of Soaking in H 3 PO 4
The temperature programmed desorption-ammonia (TPD-NH 3 ) and Brunauer-Emmett-Teller (BET) analyses were done on two different PWB samples: PWB-soaked and PWB. This was done to verify the effect of the H 3 PO 4 on the acid distribution, active acid sites, and surface area progression. Figure 1 is an expression of the TPD-NH 3 of the PWB-soaked and PWB where the PWB-soaked peaked at 488 • C indicates a slightly strong acid site, and the PWB had a peak around 260 • C and a very low intensity, which indicates weakness or the absence of a strong acid. The difference is that the PWB-soaked has an advantage of increasing acidity, and also the pore size of the catalyst is sulfonated. As shown in Table 1 , the PWB-soaked exhibited a high N 2 desorption owing to its type III isotherm structure. A type III isotherm is characterized by the adsorption on macroporous or mesoporous adsorbent with a weak adsorbate or adsorbent interactions, having a hysteresis loop at a high-pressure region. This clearly indicates a mesoporous material [20] , which may be attributed to the H 3 PO 4 used for 24 h impregnation period for effective chemical activation. It is also important to note the pore diameter (D p ) increment from 2 nm to 6.25 nm, for PWB to PWB-H 2 SO 4 , respectively. Evident also is the surface area (S BET ), which increased from 155.21 to 201.38 (m 2 g −1 ) for PWB and PWB-soaked. The total acidity also shows the discrepancy between the PWB-soaked and PWB, which again points to the effect the H 3 PO 4 on the PWB-soaked. As a result of these findings, the PWB-soaked was further sulfonated with three different sulphonated agents: H 2 SO 4 , (NH 4 ) 2 SO 4 and ClSO 3 H. fatty acid methyl ester (FAME) yield of palm waste biochar (PWB), PWB-soaked, sulfuric acid (PWB-(NH4)2SO4), chlorosulfonic acid (PWB-ClSO3H), and PWB-H2SO4. 
X-ray Diffraction (XRD) Analysis
The amorphous nature of all the PWBs treated with ammonium sulfate (PWB-(NH4)2SO4), sulfuric acid (PWB-H2SO4), and chlorosulfonic acid (PWB-ClSO3H) was confirmed by the X-ray diffraction (XRD) analysis. All the observed peaks, as seen in Figure 2 , showed weak and broad diffractions of (002) and (101) at 2θ values ranging from 20° to 32° and 35° to 45°. 
The amorphous nature of all the PWBs treated with ammonium sulfate (PWB-(NH 4 ) 2 SO 4 ), sulfuric acid (PWB-H 2 SO 4 ), and chlorosulfonic acid (PWB-ClSO 3 H) was confirmed by the X-ray diffraction (XRD) analysis. All the observed peaks, as seen in Figure 2 , showed weak and broad diffractions of (002) and (101) at 2θ values ranging from 20 • to 32 • and 35 • to 45 • .
These key traits are attributable to amorphous carbons, which are characteristically defined by their aromatic sheets since they are randomly oriented [21] . On the other hand, it is observed that the PWB had diffraction peaks around 15 • C to 19 • C at 2θ angles, which is different from what is observed for the sulfonated catalysts, and this may be due to the effect of the soaking on the PWB. Our finding is similar to what was reported elsewhere, where their synthesized solid oxide acid catalysts (ZrFeTiO, ZrFeO, and FeTiO) had 2θ angle ranging from 14 • C to 80 • C [22] . These key traits are attributable to amorphous carbons, which are characteristically defined by their aromatic sheets since they are randomly oriented [21] . On the other hand, it is observed that the PWB had diffraction peaks around 15 °C to 19 °C at 2θ angles, which is different from what is observed for the sulfonated catalysts, and this may be due to the effect of the soaking on the PWB. Our finding is similar to what was reported elsewhere, where their synthesized solid oxide acid catalysts (ZrFeTiO, ZrFeO, and FeTiO) had 2θ angle ranging from 14 °C to 80 °C [22] .
Fourier Transform Infrared (FT-IR) Analysis
The Fourier transform infrared (FT-IR) spectroscopy was used to investigate the presence of the sulfonic group on the sulfonated PWBs. The obtained infrared spectra depicts a typical adsorption signal for carbon materials. The peaks observed, as shown in Figure 3 , at 1172 cm −1 (PWB-(NH4)2SO4), 1167 cm −1 (PWB-H2SO4), and 1185 cm −1 (PWB-ClSO3H), are asymmetric vibrational adsorption bands. These adsorption peaks are attributable to the -SO3H group covalently bonded to the polyaromatic carbon structure of the PWB catalyst. This further confirms the successful sulphonation on the PWB via different sulfonic agents. This finding is similar to the previous reported work [23] , where the stretching band recorded at 1175 cm −1 confirmed the sulphonation of PWB. The adsorption peaks observed at 1508 cm −1 for PWB-ClSO3H, 1708 for PWB-(NH4)2SO4, and 1703 cm −1 for PWB-H2SO4 are all bands corresponding to the carbonyl (-C=O) group. The last set of peaks seen at 3458 cm −1 for PWB-ClSO3H, 3437 cm −1 for PWB-H2SO4, and 3435 cm −1 for PWB-(NH4)2SO4 reflects the presence of hydroxyl group. It is important to note that PWB has no vibrational adsorption band at the -SO3H region, which shows the absence of the sulfonic functional group. However, it has a band at 3493 cm −1 , which corresponds to the hydroxyl functional group band region. The band recorded at 2960 cm −1 for PWB, 2942 cm −1 for PWB-H2SO4, and 2951 cm −1 for ClSO3H and 2955 for PWB-(NH4)2SO4 are categorized as phenolic functional groups typical for lignin cellulosic compounds, bonding to the carbon sheets [23] . 
The Fourier transform infrared (FT-IR) spectroscopy was used to investigate the presence of the sulfonic group on the sulfonated PWBs. The obtained infrared spectra depicts a typical adsorption signal for carbon materials. The peaks observed, as shown in Figure 3 , at 1172 cm −1 (PWB-(NH 4 ) 2 SO 4 ), 1167 cm −1 (PWB-H 2 SO 4 ), and 1185 cm −1 (PWB-ClSO 3 H), are asymmetric vibrational adsorption bands. These adsorption peaks are attributable to the -SO 3 H group covalently bonded to the polyaromatic carbon structure of the PWB catalyst. This further confirms the successful sulphonation on the PWB via different sulfonic agents. This finding is similar to the previous reported work [23] , where the stretching band recorded at 1175 cm −1 confirmed the sulphonation of PWB. The adsorption peaks observed at 1508 cm −1 for PWB-ClSO 3 H, 1708 for PWB-(NH 4 ) 2 SO 4, and 1703 cm −1 for PWB-H 2 SO 4 are all bands corresponding to the carbonyl (-C=O) group. The last set of peaks seen at 3458 cm −1 for PWB-ClSO 3 H, 3437 cm −1 for PWB-H 2 SO 4, and 3435 cm −1 for PWB-(NH 4 ) 2 SO 4 reflects the presence of hydroxyl group. It is important to note that PWB has no vibrational adsorption band at the -SO 3 H region, which shows the absence of the sulfonic functional group. However, it has a band at 3493 cm −1 , which corresponds to the hydroxyl functional group band region. The band recorded at 2960 cm −1 for PWB, 2942 cm −1 for PWB-H 2 SO 4, and 2951 cm −1 for ClSO 3 H and 2955 for PWB-(NH 4 ) 2 SO 4 are categorized as phenolic functional groups typical for lignin cellulosic compounds, bonding to the carbon sheets [23] . 
Temperature Programmed Desorption-Ammonia (TPD-NH3) Analysis
The temperature programmed desorption-ammonia (TPD-NH3) analysis was used to analyze the dispersion/distribution of active acid sites and acidity of the PWB treated with different sulfonic agents and NH3 used as the probe molecule. As seen in Figure 4 , the PWB had two peaks between 280 °C and 450 °C, with a very low TCD signal (intensity/a.u) less than 200 °C, which indicates neither a weak or strong acid but a possible interaction of the NH3 molecule and the PWB. There are two NH3 desorption peaks for PWB-H2SO4. The first peak around 400 °C suggests the presence of a Lewis acid, whereas the second peak recorded around 810 °C indicates Brønsted acid. This shows that the PWB-H2SO4 catalyst has a bi-functional potential [24] . The PWB-ClSO3H catalyst also recorded two peaks: the first is at 300 °C, which suggests the presence of Lewis acid; the second, which is clearly a Brønsted acid, peaked at 650 °C. The third catalyst PWB-(NH4)2SO4 peaked at 700 °C, which indicated Brønsted acid. The indication of these results is that Lewis acid and Brønsted acid sites were found at their individual desorption peaks ranging from Tmax of 300 °C and 810 °C. A Brønsted acid, attached via sulphonation onto the PWB, will actively and efficiently catalyze an esterification reaction of PFAD [25] . As presented in Table 1 , the acid density recorded for PWB-H2SO4 was 11.35 mmol/g, whereas PWB-ClSO3H recorded 9.63 mmol/g and 8.87mmol/g for PWB-(NH4)2SO4. Due to this strength in the acid density of PWB-H2SO4, it is expected that it will have a better conversion and FAME yield. In comparison, the acid density of Fe(HSO4)3 catalyst recorded by Alhassan et al was 10.5 mmol/g, and their best desorption peak was slightly above 700 °C [25] . This again suggests that synthesized PWB-H2SO4 bio-based catalyst had a better performance than most of the acid catalysts. 
Temperature Programmed Desorption-Ammonia (TPD-NH 3 ) Analysis
The temperature programmed desorption-ammonia (TPD-NH 3 ) analysis was used to analyze the dispersion/distribution of active acid sites and acidity of the PWB treated with different sulfonic agents and NH 3 used as the probe molecule. As seen in Figure 4 , the PWB had two peaks between 280 • C and 450 • C, with a very low TCD signal (intensity/a.u) less than 200 • C, which indicates neither a weak or strong acid but a possible interaction of the NH 3 molecule and the PWB. There are two NH 3 desorption peaks for PWB-H 2 SO 4 . The first peak around 400 • C suggests the presence of a Lewis acid, whereas the second peak recorded around 810 • C indicates Brønsted acid. This shows that the PWB-H 2 SO 4 catalyst has a bi-functional potential [24] . The PWB-ClSO 3 H catalyst also recorded two peaks: the first is at 300 • C, which suggests the presence of Lewis acid; the second, which is clearly a Brønsted acid, peaked at 650 • C. The third catalyst PWB-(NH 4 ) 2 SO 4 peaked at 700 • C, which indicated Brønsted acid. The indication of these results is that Lewis acid and Brønsted acid sites were found at their individual desorption peaks ranging from T max of 300 • C and 810 • C. A Brønsted acid, attached via sulphonation onto the PWB, will actively and efficiently catalyze an esterification reaction of PFAD [25] . As presented in Table 1 , the acid density recorded for PWB-H 2 SO 4 was 11.35 mmol/g, whereas PWB-ClSO 3 H recorded 9.63 mmol/g and 8.87mmol/g for PWB-(NH 4 ) 2 SO 4 . Due to this strength in the acid density of PWB-H 2 SO 4 , it is expected that it will have a better conversion and FAME yield. In comparison, the acid density of Fe(HSO 4 ) 3 catalyst recorded by Alhassan et al. was 10.5 mmol/g, and their best desorption peak was slightly above 700 • C [25] . This again suggests that synthesized PWB-H 2 SO 4 bio-based catalyst had a better performance than most of the acid catalysts. 
Thermo-Gravimetric Analysis (TGA)
The synthesized catalysts were tested for thermal stability using the thermo-gravimetric analysis (TGA). Their thermal stability was investigated and the results presented in Figure 5 . The thermal stability was in the order of PWB-H2SO4 > PWB-ClSO3H > PWB-(NH4)2SO4. All the three catalysts had an early weight loss between 0 °C to 100 °C, and this is directly due to possible contaminants with lower volatile properties or water loss the water loss [26] . Thereafter, PWB-ClSO3H slowly lost about 20% of its weight around 300 °C where it maintained final stability. PWB-(NH4)2SO4 had the highest weight loss as seen in Figure 5 , where it lost about 40% of its weight between 0 °C and 600 °C, and PWB-H2SO4 had the best thermal stability of all three catalysts. It lost only about 20% of its total weight between 0 °C and 900 °C. The first 10% could be due to the loss of water molecules, and the other 10% could also be due to the decomposition of the H3PO4 and the -SO3H group [25] ; thereafter, it maintained downward degradation. The TGA for the PWB also shows thermal stability between 0 °C and about 100 °C, and when it was degraded from 100 °C to 310 °C, before it maintained stability. This may be due to the 
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The synthesized catalysts were tested for thermal stability using the thermo-gravimetric analysis (TGA). Their thermal stability was investigated and the results presented in Figure 5 . The thermal stability was in the order of PWB-H2SO4 > PWB-ClSO3H > PWB-(NH4)2SO4. All the three catalysts had an early weight loss between 0 °C to 100 °C, and this is directly due to possible contaminants with lower volatile properties or water loss the water loss [26] . Thereafter, PWB-ClSO3H slowly lost about 20% of its weight around 300 °C where it maintained final stability. PWB-(NH4)2SO4 had the highest weight loss as seen in Figure 5 , where it lost about 40% of its weight between 0 °C and 600 °C, and PWB-H2SO4 had the best thermal stability of all three catalysts. It lost only about 20% of its total weight between 0 °C and 900 °C. The first 10% could be due to the loss of water molecules, and the other 10% could also be due to the decomposition of the H3PO4 and the -SO3H group [25] ; thereafter, it maintained downward degradation. The TGA for the PWB also shows thermal stability between 0 °C and about 100 °C, and when it was degraded from 100 °C to 310 °C, before it maintained stability. This may be due to the The TGA for the PWB also shows thermal stability between 0 • C and about 100 • C, and when it was degraded from 100 • C to 310 • C, before it maintained stability. This may be due to the lignocelluosic properties of the PWB, which need higher temperature to further degrade. Therefore, PWB-H 2 SO 4 is more thermally stable than the other catalysts, and it was selected for further recyclability study.
BET Surface Area Analysis
The N 2 desorption/adsorption isotherms of PWB-(NH 4 ) 2 SO 4 , PWB-ClSO 3 H, and PWB-H 2 SO 4 have been presented in Figure 6 . All the catalysts have shown clear type IV adsorption/desorption isotherms with an HII-type hysteresis loop formed between 0.6 and 0.8 P/Po, which strongly indicates the presence of a well-developed mesoporous structure that can also be referred to as inkbottle shaped pores [26] . The Brunauer-Emmett-Teller (BET)-specific surface area and BJH pore volumes and pore diameter for PWB-(NH 4 ) 2 SO 4 (), PWB-ClSO 3 H, and PWB-H 2 SO 4 Table 1 . The results showed that the treatment of H 3 PO 4 has improved the pore volume and specific surface area of the catalyst compared to PWB (155.21 m 2 g −1 , 0.12 cm 3 gm −1 , 2 nm) that was neither soaked in H 3 PO 4 nor sulphonated. The discrepancy between the pore diameters of the three synthesized catalysts is also important, i.e., PWB-(NH 4 ) 2 SO 4 , PWB-ClSO 3 H, and PWB-H 2 SO 4 are between 4 and 6 (nm), whereas PWB is 2.31 nm, which also indicates a uniform dimension and increased pore diameter of the catalysts [27] .
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Field Emission Scanning Electron Microscopy Analysis
The field emission scanning electron microscopy (FESEM) analysis, as presented in Figure 7 , was done to investigate the morphology and surface texture of the synthesized catalysts. It clearly depicts aggregate and irregular structures, confirming the presence of mesopores. The pore sizes of the three catalysts were measured and found to be in the order PWB < PWB-(NH4)2SO4 < PWB-ClSO3H < PWB-H2SO4; this is also confirmed by the EDS and BET analysis presented in Table 1 and Table 2 . This conforms with the findings reported by Olutoye et al [22] . 
The field emission scanning electron microscopy (FESEM) analysis, as presented in Figure 7 , was done to investigate the morphology and surface texture of the synthesized catalysts. It clearly depicts aggregate and irregular structures, confirming the presence of mesopores. The pore sizes of the three catalysts were measured and found to be in the order PWB < PWB-(NH 4 ) 2 SO 4 < PWB-ClSO 3 H < PWB-H 2 SO 4; this is also confirmed by the EDS and BET analysis presented in Tables 1 and 2 . This conforms with the findings reported by Olutoye et al. [22] . 
PFAD Esterification at Optimized Condition
The FAME yield was calculated with the already established formula (Equation.
(1)), and the esterification reaction was carried out using the optimized conditions from our previous study (reaction time of 2 hr, reaction temperature of 60 °C, Me-OH: PFAD molar ratio of 9:1, and catalyst loading of 2.5wt%) [15] . The esterification reaction was run in the sets of three using the PWB-(NH4)2SO4, PWB-ClSO3H, and PWB-H2SO4 catalysts. As can be deduced from Figure 8 , PWB-H2SO4 has the highest FFA conversion (97.4%) and FAME yield (96.1%), and is our best catalyst in this esterification exercise. FAME yield % = × 100 (1) 
(1)), and the esterification reaction was carried out using the optimized conditions from our previous study (reaction time of 2 h, reaction temperature of 60 • C, Me-OH: PFAD molar ratio of 9:1, and catalyst loading of 2.5 wt%) [15] . The esterification reaction was run in the sets of three using the PWB-(NH 4 ) 2 SO 4 , PWB-ClSO 3 H, and PWB-H 2 SO 4 catalysts. As can be deduced from Figure 8 , PWB-H 2 SO 4 has the highest FFA conversion (97.4%) and FAME yield (96.1%), and is our best catalyst in this esterification exercise. FAME yield (%) = weight of produced FAME weight of theoritical FAME × 100
This may be due to the improved pore size, pore volume, or its higher acid density, as a result of the sulfonation, which gives it an added advantage over the other synthesized catalysts. In comparison to our work, Kansedo and Lee, in their work on non-edible sea mango (Cerbera odollam) oil to produce biodiesel, utilize the following reaction conditions: 3 h reaction time, 12:1 methanol/oil molar ratio, 8 wt% catalyst concentration, and temperature of 150 • C, and achieved 97.5% conversion [28] . In another study, produced biodiesel via the transesterification of cottonseed oil with a solid catalyst with the following reaction conditions: 8 h reaction time, 2 wt% catalyst loading, 230 • C reaction temperature, and 12:1 methanol/oil molar ratio, had a conversion of >90% [29] . From the above results and as further highlighted in Table 3 , our synthesized PWB-H 2 SO 4 catalyst outperformed most of the synthesized catalysts, and therefore PWB-H 2 SO 4 has been chosen for further reusability study. This may be due to the improved pore size, pore volume, or its higher acid density, as a result of the sulfonation, which gives it an added advantage over the other synthesized catalysts. In comparison to our work, Kansedo and Lee, in their work on non-edible sea mango (Cerbera odollam) oil to produce biodiesel, utilize the following reaction conditions: 3 hr reaction time, 12:1 methanol/oil molar ratio, 8wt% catalyst concentration, and temperature of 150 °C, and achieved 97.5% conversion [28] . In another study, produced biodiesel via the transesterification of cottonseed oil with a solid catalyst with the following reaction conditions: 8 hr reaction time, 2wt% catalyst loading, 230 °C reaction temperature, and 12:1 methanol/oil molar ratio, had a conversion of >90% [29] . From the above results and as further highlighted in Table 3 , our synthesized PWB-H2SO4 catalyst outperformed most of the synthesized catalysts, and therefore PWB-H2SO4 has been chosen for further reusability study. 
PWB-H 2 SO 4 Reusability
PWB-H 2 SO 4 catalyst was used for the reusability study, and it was investigated through eight (8) successive reaction runs, as presented in Figure 9 . PWB-H 2 SO 4 catalyst was separated from the mixture and washed using methanol after each esterification run and then dried in an oven set at 80 • C for 12 h. It was afterwards weighed, recorded, and used for the next reaction run using the same reaction conditions. It can be deduced from Figure 9 that the synthesized PWB-H 2 SO 4 catalyst recorded a steady and interesting FFA conversion and FAME yield from the 1st reaction run through the 5th run, where it maintained an FFA conversion > 80% and FAME yield > 75% and started to decline through the 7th run. The FFA conversion recorded at the first run was 97.4% and FAME yield of 96.1%, which points to a very high catalytic activity of the synthesized catalyst. The second run had an FFA conversion of 95.3 and yield of 93.1. This trend continued till the 5th run, where the FFA conversion dropped to 82.1% and the FAME yield to 76.3%. It can be recalled (Table 1 and Figure 8 ) that the PWB was used to esterify PFAD, and the FFA conversion was 33.3% and FAME yield was 29.8%, though there was a large discrepancy, but the 7th run was still able to convert FFA and yield more FAME than the PWB. This may be due to the 1.2% of sulfur-SO 3 H left in the PWB-H 2 SO 4 .
Comparing our results with what was reported elsewhere (Table 3) , we can see that our synthesized catalyst outperformed all the listed catalysts and most popular bio-based solid acid catalysts. The PWB-H 2 SO 4 shows a highly stable, cheap, and facile synthesis potential.
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Materials
Palm fatty acid distillate (PFAD) and palm waste biomass (PWB) were both obtained from Sime Darby Jomalina, Sdn. Bhd., Malaysia. ClSO3H (99%), Propan-2-ol (99.97%), n-hexane (85%), methanol (99.8%), and ethyl alcohol (96%) were all purchased from Sigma-Aldrich. 98% H2SO4 purity and 86% KOH concentration were purchased from J. T. Baker. Chloroform (99.8%). Phenolphthalein and H3PO4 (50%) were purchased from Merck & Co (Kenilworth, NJ, USA). Methyl palmitate, methyl linoleate, methyl oleate, methyl heptadecanoate, methyl myristate, and methyl steatrate are standards purchased from Fisher Scientific (Waltham, MA, USA) and used for the FAME yield measurement using gas chromatography (GC-FID). All the chemicals used in this work were analytical grade. Figure 9 . FFA Conversion, fatty acid methyl ester (FAME) yield, and leached sulfur ions during reusability study.
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Materials
Palm fatty acid distillate (PFAD) and palm waste biomass (PWB) were both obtained from Sime Darby Jomalina, Sdn. Bhd., Malaysia. ClSO 3 H (99%), Propan-2-ol (99.97%), n-hexane (85%), methanol (99.8%), and ethyl alcohol (96%) were all purchased from Sigma-Aldrich. 98% H 2 SO 4 purity and 86% KOH concentration were purchased from J. T. Baker. Chloroform (99.8%). Phenolphthalein and H 3 PO 4 (50%) were purchased from Merck & Co (Kenilworth, NJ, USA). Methyl palmitate, methyl linoleate, methyl oleate, methyl heptadecanoate, methyl myristate, and methyl steatrate are standards purchased from Fisher Scientific (Waltham, MA, USA) and used for the FAME yield measurement using gas chromatography (GC-FID). All the chemicals used in this work were analytical grade.
Preliminary Analysis of Palm Waste Biomass (PWB)
The preliminary analysis of PWB, which shows the pysico-chemical composition of the starting material (PWB), is presented in Table 4 . The physico-chemical composition recorded is cellulose, hemicellulose, lignin, ash, and moisture content, as well as the elemental analysis. Furthermore, the functional groups of PWB has also been presented below. 
Experimental Design
Palm waste biomass (PWB) char was divided into two streams: one was treated with ortho-phosphoric acid (H 3 PO 4 ) [PWB-soaked] and the other was not treated [PWB] . They were both calcined under the same conditions (400 • C, 2 h, N 2 flow) and prepared for TPD-NH 3 and BET analysis. Based on the results from TPD-NH 3 , (Figure 1 ), PWB-soaked showed double peak, which signals strong acid sites and higher acid density. Therefore, PWB-soaked was sulfonated with three different sulfonic agents: H 2 SO 4 , (NH 4 ) 2 SO 4 , and ClSO 3 H. The resultant sulfonated PWBs (PWB-(NH 4 ) 2 SO 3 , PWB-ClSO 3 H, and PWB-H 2 SO 4 ) were then taken for TPD-NH 3 , BET, FT-IR, XRD, TGA, and FESEM analyses for characterization. After the analyses, based on the best catalytic properties and the FFA conversion/FAME yield via PFAD esterification, the best sulfonated catalyst was chosen for reusability study. The reaction conditions used for the esterification of PFAD was from our previous work. Finally, our findings were compared to published results.
Preparation of PWB Catalysts and Experimental Methodology
The PWB was dried, ground, and sieved to fine powder (<2 µm). The resulting powder was divided into two; one soaked in ortho-phosphoric acid (PWB-Soaked) for 24 h and the other without soaking (PWB). They were both pyrolized differently with crucible tube furnace under nitrogen flow for 2 h at 400 • C. The produced biochar was washed with warm de-ionized water (80 • C) until a pH~7 was achieved, then placed in an oven set at 80 • C to dry for 24 h in order to obtain the soaked palm waste biochar (PWB-soaked) and palm waste biochar (PWB).
Effect of Soaking
The essence of soaking was to screen and confirm that soaking in ortho-phosphoric acid helps to improve pore size and increased acid density from the raw starting material (PWB) that was not treated with orthophosphoric acid. Based on the acid density, active acid sites, pore size/pore diameter, and surface area, the best sulfonated catalyst was selected from the results presented in Figure 1. 
Sulphonation Methods
The PWB-soaked was further sulfonated with three different sulfonating agents, namely, sulphuric acid (H 2 SO 4 ), ammonium sulphate [(NH 4 ) 2 SO 4 ], and chlorosulfonic acid (ClSO 3 H). The preparation of the various sulphonation methods used were adopted and slightly modified from previously reported procedures [31, 32] .
Sulphonation by Concentrated H 2 SO 4 Chemical modification in the form of sulphonation is an essential component in catalysis. This is so because the generation of carboxylic and sulfonic acid groups are made possible, which enhances the acid density and strength of acid group sites attached on the surface of PWB-soaked. Sulfonated PWB was achieved by reacting 4 g of PWB-soaked with 200 mL of concentrated sulfuric acid at 250 • C for 12 h. The resulting sulfonated PWB-H 2 SO 4 catalyst was washed, dried, and stored ready to be used for esterification.
Sulphonation by Concentrated (NH 4 ) 2 SO 4 The PWB-soaked was sulfonated by thermally decomposing 4 g in 300 mL 10% of (NH 4 ) 2 SO 4. The mixture was sonicated for 20 min and then heated to 235 • C for 1 h. After cooling, the PWB-(NH 4 ) 2 SO 4 catalyst was washed and allowed to dry overnight in an oven set at 80 • C. The procedure used here is a modified method of what was reported elsewhere [32] .
Sulphonation by Concentrated ClSO3H
The PWB-soaked was also sulfonated using concentrated ClSO 3 H in chloroform. 4 g of PWB-soaked was mixed with 200 mL of chloroform for 1 h and was then sonicated for 20 min. Afterwards, 2 g of ClSO 3 H was slowly added to the mixture and was refluxed and stirred for 4 h at 70 • C. The resulting solution was washed with ethanol in order for the organic moieties be removed and was then washed with distilled water till a pH of 7 was achieved. The resultant PWB-ClSO 3 H catalyst was then filtered and dried in an oven set at 80 • C overnight. The procedure used here is a modified procedure used elsewhere [33] .
Catalysts Characterization
With a scanning rate set at 4 min −1 and range of theta (θ) 10 • to 70 • , the Shimadzu X-ray diffraction (XRD) 6000 machine (Shimadzu Corporation, Kyoto, Japan) was used to analyze the catalyst's structure and crystallinity. The sulfonated soaked palm cake biochar's (PWB-SO 3 H) crystallite size was determined by Scherrer's formula (D = 0.89λ/β Cos θβ), given D as the average crystallite size, λ represents the wavelength of the X-ray beam, β is the full width half maximum (FWHM) values of the peaks, and θβ is the Bragg angle [15] . The FT-IR analysis shows the functionalization of the -SO 3 H group as attached on the PWB, using the Perkin Elmer (1725 X) machine. The acid density and active sites distribution was calculated by the NH 3 temperature program desorption (NH 3 -TPD) using the Thermo Finnigan TPDRO 1100 series machine and helium as a carrier gas. Using the Mettler Toledo 990, the Thermo-gravimetric analysis (TGA) was performed with differential thermogravimetry (DTG) to ascertain the catalyst thermal stability. The Sorptomatic 1990 series (Thermo Finnigan) instrument (Scientific Instrument Services, Ringoes, NJ, USA) was used for the specific surface area, pore size, pore volume, and pore diameter, for BET analysis. The catalyst's morphology was verified by using a high magnifying field emission scanning electron microscope (FESEM) (JEOL, JSM-6400, Tokyo, Japan).
Esterification of PFAD
The PFAD was esterified in a 3-necked flask reactor with the addition of a magnetic stirrer, whose function was to keep the mixture continuously stirring during the reaction. Based on our previous study [15] , the following reaction conditions were selected: 2 h reaction time, 9:1 molar ratio of methanol-to-PFAD, reaction temperature 60 • C, and 2.5 catalyst weight %. We emptied the mixture in the flask reactor into a centrifuge tube and allowed to cool off to room temperature, at the end of the reaction. It was then centrifuged to attain separation. The upper layer was methanol, then the PFAD-methyl ester layer and at the bottom was the catalyst. The two upper layers were decanted into a beaker and heated at 60 • C for 1 h for the removal of methanol, and the PFAD-Methyl Ester was measured and recorded. The residue catalyst was washed with methanol (25 mL) and dried for further recyclability study.
FAME Analysis and FFA Determination
Fatty acid methyl ester (FAME) yield, on the other hand, was calculated from the data gotten from the gas chromatography using EN 14103 method. The GC machine was armed with a flame ionization detector (FID). A highly polar capillary column BPX 70; (length: 60 m, ID: 0.25 mm and capillary: 0.25 mm) was used for separating the various compound compositions of the FAME. Helium was used as the carrier gas, n-hexane as a solvent, and Methyl heptadecanoate as the internal standard [34] . Methyl (stearate, palmitate, myristate, oleate, and linoleate) as reference standards were diluted to 1000 ppm. We set the GC oven to start at 100 • C and increased with temperature rate set at 10 • C min −1 to 250 • C. While the inlet temperature was set at 250 • C, 270 • C was the temperature of the FID. The calculation of FAME yield was done as shown earlier in Equation (1) .
Equation (2) was used to calculate the FFA conversions according to the AOCS 5a-40 method [15] .
where FFA f = acid value of the feedstock and FFA p = free fatty acid value of the FAME.
CHNS Analysis
Sulfur leaching was analyzed with the CHNS instrument (LECO CHNS-932 spectrometer, Joseph, ST, USA) to determine the amount of leached active -SO 3 H sites from PWB-H 2 SO 4 catalyst. After each esterification run, 0.05 g of the spent PWB-H 2 SO 4 catalyst was collected for sulfur analysis. The elemental analysis of PWB was also performed also using LECO CHNS-932 spectrometer.
Conclusions
Conclusively, the different sulphonation methods employed in this study may be used to synthesize bio-based materials as catalysts to produce biodiesel. The PWB sulfonated with H 2 SO 4 has shown the best catalytic performance in the conversion of PFAD into FAME, which is directly due to the synthetic process it went through. The initial chemical activation of soaking in orthophosphoric acid helped to increase the pore size and the acidity. PWB-H 2 SO 4 had a conversion of 97.4% and yield of 96.1% with an established optimized reaction conditions of 9:1 molar ratio of MeOH:PFAD, time (2 h), temperature (60 • C), and catalyst concentration (2.5 wt%). PWB-H 2 SO 4 was also used for eight reaction cycles, which also shows its reaction stability, and the reusability test shows that sulfur leached slowly through the 7th reaction runs. We have shown that bio-based catalysts can be sought from the abundant biomass wastes and can serve as a viable alternative to homogenous conventional catalysts in the production of methyl esters from PFAD and other waste fats/oils, under mild and suitable reaction conditions.
